To develop a classification method based on the statistical backscatter properties of tissues that can be used as an ancillary tool to the usual Breast Imaging Reporting and Data System (BI-RADS) classification for solid breast lesions identified at ultrasonography (US).
BREAST IMAGING: Statistical Modeling of Backscatter Properties in Breast Lesions at US
Trop et al B reast ultrasonography (US) is the diagnostic modality of choice to characterize solid lesions, but this technique remains operator dependent. B-mode gray-scale US can be used to categorize solid lesions according to their morphologic features (1) , allowing classification into Breast Imaging Reporting and Data System (BI-RADS) categories according to the risk of malignancy (2) . In the evaluation of women with an increased risk of breast cancer, combining US with mammography yielded a sensitivity of 89% for breast cancer detection but a moderate specificity of 71% (3) . Lesions classified in BI-RADS categories 4 or 5 undergo biopsy so that all cancers in this subgroup are identified, within the limits of sampling error and pathologic assessment accuracy, which is equivalent to a sensitivity of 100%. On the other hand, many biopsies confirm the absence of cancer.
Much research has been conducted in the search for additional parameters that may help classify solid lesions at US. Some avenues explored include evaluation of lesion vascularity through Doppler techniques, with or without contrast material enhancement, which have met with limited success (4) (5) (6) . A promising field is US elastography, which is based on the detection of areas of tissue stiffness. Initial efforts involved compression elastography, but this approach is receiving less attention because of substantial interobserver variability inherent to the technique, which requires manual compression, and its limited performance for deep lesions (7) (8) (9) (10) . Dynamic elastography is used to estimate tissue stiffness by tracking shear waves induced by radiation pressure-transmitted echoes (11) (12) (13) (14) : It is minimally operator dependent and comparable to the BI-RADS classification in its accuracy (15) . Another avenue to help characterize breast lesions is the analysis of echo signals arising from US wave interferences with a given lesion. The statistical nature of these echoes can be explored for tissue characterization. To date, different statistical distribution models have been proposed for breast imaging: the K distribution (16) and the Nakagami distribution (17) (18) (19) (20) , with a third model, the homodyned K distribution, having thus far only been used to investigate mice mammary tumors (21, 22) and human lymph nodes (23) . In the present study, we adopted the homodyned K model because it is a more general and complete model than the K or Nakagami distributions. Indeed, neither the K nor the Nakagami distribution fully captures the cellular organization of the nuclei: The K distribution assumes a vanishing coherent component (ie, no structured cellular organization), whereas the Nakagami distribution is based on only one shape parameter that combines the spatial organization of the nuclei on one hand and their number and homogeneity of their cross-sections on the other hand, but without quantifying these two aspects separately (24) . We hypothesized that US signal envelope statistics could provide a cellular signature of breast tumors (ie, size, spatial organization, density, and acoustic properties of the cells forming the lesion and its surrounding tissues), demonstrating information that could potentially be used to differentiate benign from malignant lesions. The aim of this study was to develop a classification method based on the statistical backscatter properties of tissues that can be used as an ancillary tool to the usual BI-RADS classification for solid breast lesions identified at US.
Materials and Methods
This study was approved by our institutional review board, and all subjects gave written informed consent.
Patient Selection
Women were selected who were examined at our breast imaging center and had a solid lesion at B-mode US (referred to as "standard US"), for which biopsy was recommended (BI-RADS categories 4 and 5), with no other solid lesion in the quadrant of interest and no prior surgery or biopsy in the breast of interest. The women selected were offered participation in this study; consent was granted by all participants approached. Women with breast implants were excluded. (2) . Percutaneous US-guided biopsy was performed after administration of local anesthesia with Xylocaine 1% (Alveda Pharmaceuticals, Toronto, Ontario, Canada), by using 14-or 16-gauge core needles and a Manan Pro-Mag 2.2 biopsy gun (Medical Device Technologies, Gainesville, Fla); three to seven cores were obtained per lesion, at the radiologist's discretion.
US Imaging and Experiments
Breast pathologists performed histopathologic analyses. Final diagnoses were categorized as benign or malignant; for this study, atypia was considered a benign diagnosis. The label "fibrocystic changes" was applied to group all lesions with pathologic diagnoses that included sclerosing adenosis, apocrine metaplasia, ductal hyperplasia, and sclerocystic changes. Patient management decisions were made per usual clinical practice, without consideration of the RF data obtained from the backscatter US.
Lesion Analysis
The RF data were transferred to a workstation for analysis; lesions were labeled with a numeric code that did not reveal patient identity or lesion characteristics. The contour of each lesion was manually drawn (segmentation) on the first frame of each image sequence by a breast radiologist (I.T.) (Fig 1) a mean of 93 days (range, 30-263 days) after the acquisition, after which segmentation was automatically propagated along remaining frames of the sequence with motion compensation by using an algorithm described previously (26) . Two additional regions of interest (ROIs) were defined: a 3-mm-thick supratumoral zone right above the lesion and a 5-mm-thick infratumoral zone right below the lesion (Fig 1) . These two zones were defined to take into account alterations in peritumoral tissues that may result from extension and reaction of surrounding parenchyma to malignant cells (spiculations, formation of an echogenic rim); in addition to the 3-mm supratumoral zone, a slightly larger 5-mm infratumoral zone was created to include posterior shadowing features associated with malignancy, when present. These two ROIs were automatically computed on the basis of the contours of the segmented lesion. There were 15 of 96 superficial lesions (16%) and one of 96 deep lesions (1%) for which a less-than-3-mm supratumoral zone and less-than-5-mm infratumoral zone, respectively, were used.
For each of these three ROIs, the amplitude (gray level) of the echo envelope reconstructed from RF signals acquired with the backscatter US method was modeled by a homodyned K distribution (27) . Three parameters with a physical meaning were derived: (a) The scattering clustering parameter a, reflecting the number of scatterers (cellular nuclei) within the resolution range and the homogeneity of their cross-sections; (b) the total signal power m n normalized by the maximum intensity in the ROI (expressed on a scale of 0 to 1000), clinically akin to B-mode echogenicity; and (c) the coherent-to-diffuse signal ratio k, which reflects the cellular spatial organization of the nuclei. The parameters were estimated on each frame of the 3-second cine sequence, and the mean values over the frames were adopted as estimators (27) . Lesion analyses were performed by using computer programs in C++, except for the manual segmentations that were based on a program written with MatLab (MathWorks).
Data Analysis
The Mann-Whitney rank sum test was used to identify which of the a, m n , and k parameters of the homodyned K distribution yielded the lowest P value (thus viewed as a cost function) between benign and malignant lesions for each ROI. These analyses were performed by using SigmaStat (Systat Software, San Jose, Calif).
By adopting a leave-one-patient-out cross-validation scheme, each of the 96 lesions was tested while the lesions of remaining patients were used to train the tested classification scheme. For each training set, thresholds were calculated for each parameter by considering a multiple t of its standard deviation on the class of malignant lesions in the training set. The value t = 2.94 yielded one-sided intervals for the three classifying parameters with a combined 99.5% confidence level after Bonferroni correction. A tested lesion was considered malignant if all the following conditions were satisfied: (a) The supratumoral k value was superior to the mean (k) 2 t standard deviation (k); (b) the intratumoral a value was inferior to the mean (a) + t standard deviation (a); and (c) the infratumoral m n value was inferior to the mean (m n ) + t standard deviation (m n ), where the means and standard deviations of the parameters were estimated on the training data. On the other hand, if any of the parameters fell outside of one of these one-sided confidence intervals, the lesion was classified as benign according to the model.
The sensitivity and specificity were computed by summing true and false
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Trop et al A solid lesion was identified and was subsequently confirmed with biopsy to be a benign fibroadenoma. Segmentation of the lesion (red contours) was performed manually, and the supratumoral and infratumoral zones (green contours) were automatically calculated. This was then automatically propagated along the remaining frames of the sequence. From the distribution of echoes on the B-mode US image, probability density functions (PDF ) of homodyned K distributions were estimated from each zone of the lesion.
positive and negative findings over the 96 tested lesions. A receiver operating characteristic (ROC) curve was computed by varying t values. Two thousand stratified bootstraps of the patients (these are default settings of the free R statistical software, R Foundation, Vienna Austria) and computations of the area under the curve (with the trapezoidal method) of the resulting ROC curves based on a leave-onepatient-out cross-validation scheme (in all lesions of the resampled patients for each bootstrap) were used to estimate the median and the 95% confidence interval of the area under the curve. Sensitivity and specificity were also calculated in the subgroup of BI-RADS category 4A and 4B lesions. These analyses were conducted by using Mathematica software (Wolfram Research, Champaign, Ill).
To address the sensitivity of the proposed Statistical Tissue Characterization (STC) method for manual delineation of lesion contours in the first frame of the cine loops, the control points of the manually drawn contours were randomly modified within radii of 0.5, 1.0, and 1.5 mm. The performance of the STC method was then re-evaluated with the leave-onepatient-out cross-validation scheme for all sequences but by using the randomly modified initial contours whenever testing a lesion.
Results

Study Population
Between April 2010 and December 2011, longitudinal cine sequences were performed prospectively in 89 women with 96 lesions; seven women had two lesions. The mean patient age was 50 years (range, 22-82 years). Forty-eight women had undergone menopause; five had previously been treated for contralateral breast cancer, and two were pregnant at the time of biopsy. Of 80 women with available mammography findings, 50 (62%) had moderate to high breast density.
Breast Lesions
Fifty-two of 96 lesions (54%) were in the right breast, and 44 (46%) were in the left breast. Most lesions were in the upper outer quadrants: 24 of 44 (54%) were located on the left side, and 26 of 52 (50%) were located on the right side. The longest lesion diameter ranged from 2.6 to 44.7 mm (mean, 13.2 mm; median, 10.9 mm); five of 96 lesions (5%) measured up to 5 mm in size. Position within the breast was classified as the deepest third of the breast for 18 lesions (19%), the middle third of the breast for 51 lesions (53%), and the superficial third of the breast for 27 lesions (28%). Seventy-one of 96 solid lesions (74%) were classified at standard US as being moderately suspicious for malignancy: 48 lesions were classified as BI-RADS Pathologic analysis confirmed malignancy in 20 of the 25 BI-RADS category 5 lesions (80%), with fibrosis, fibroadenoma, and fibrocystic changes accounting for the five other diagnoses; surgical excision (n = 1), repeat biopsy (n = 3), and imaging follow-up (n = 4; range, 19-28 months) confirmed these benign diagnoses. Four malignancies were classified as BI-RADS category 4C (two infiltrating lobular carcinomas) or BI-RADS category 4B (two infiltrating ductal carcinomas). There were no malignancies within the 48 lesions classified as BI-RADS category 4A (Table 1) . Among the 24 cancers, there were 22 infiltrating carcinomas (92%); most were infiltrating ductal carcinomas (n = 16), with three infiltrating lobular carcinomas, one mixed ductolobular malignancy, one tubular carcinoma, and one intrabreast metastasis of gynecologic origin. Two lesions were ductal carcinoma in situ at biopsy (8%), with stromal microinfiltration identified in one lesion at surgery.
Fibroadenomas accounted for 38 of the 72 benign lesions (53%), with fibrocystic changes accounting for 20 lesions (28%) ( Table 2 ). Seven lesions were diagnosed as stromal fibrosis (10%), and five lesions were of papillary origin-one was associated with atypical ductal hyperplasia at surgery. The other two diagnoses were one radial scar and one angiolipoma.
STC Data Analysis
Analysis of data obtained with backscatter US demonstrated that the most discriminant parameter used to avoid biopsy was the supratumoral k value; the mean 6 standard deviation measured 0.25 6 0.15 in the benign lesions, compared with 0.33 6 0.10 for the malignant lesions (P = .033). The intratumoral a value was 1.03 6 0.85 for benign lesions compared with 0.69 6 0.41 for malignant lesions (P = .067), while the infratumoral m n value was 28.7 6 16.7 for benign lesions versus 23.2 6 11.3 for malignant lesions (P = .209).
By considering the positive or negative offset on the mean of each parameter (ie, 2.94 multiplied by the standard deviation of each parameter), the thresholds used for classification of lesions were, on average, equal to 0.025, 1.89, and 56.4 over the 89 training sets of the cross-validation scheme for the supratumoral k value, intratumoral a value, and infratumoral m n value, respectively. Application of this model is illustrated in Figure 2 .
STC Model Performance
The point of the ROC curve closest to the ideal classification scheme provided a sensitivity of 79% and a specificity of 69%. The area under the ROC curve was 0.76 (Fig 3) (95% confidence interval: 0.65, 0.86) with a median of 0.77, as estimated with 2000 bootstrap sample data. A sensitivity of 100% (24 of 24 lesions) was obtained with t = 2.94 times the standard deviations of the parameters, which yielded a specificity of 24%. When analysis was performed on the subgroup of benign BI-RADS category 4A and 4B lesions, the specificity of this model increased to 26%
(16 of 62 lesions), while maintaining 100% sensitivity. Four of these benign lesions belonged to two patients. For both of these patients, one lesion out of two was correctly classified as benign. Thus, 14 of 66 women (21%) with no confirmed malignant lesion
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would have avoided biopsy, and two of 66 (3%) would have avoided one of two biopsies. Two patients had a benign lesion (one was a BI-RADS category 4A lesion, the other a BI-RADS category 4C lesion) and a malignant lesion; none of these lesions were classified as benign according to the proposed STC method. The assessment of the robustness of the proposed backscatter US method with manually drawn initial lesion contours yielded sensitivities of 96%, 100%, and 96% in BI-RADS category 4-5 malignant lesions and specificities of 24%, 21%, and 15% in BI-RADS category 4-5 benign lesions for random perturbations of contours within radii of 0.5, 1.0, and 1.5 mm, respectively. In BI-RADS category 4A-4B lesions, sensitivities remained at 100%, whereas specificities increased to 26%, 23%, and 18%, respectively.
Discussion
US characterization of solid lesions is based on well-defined morphologic criteria. Lesions with a probability of malignancy above 2%-BI-RADS category 4A and higher-are recommended to undergo biopsy to exclude cancer. We have developed a model based on statistical tissue characterization for the evaluation of solid breast lesions classified as BI-RADS categories 4-5 after clinical, mammographic, and standard Bmode US evaluation. With a sensitivity of 100%-no malignant lesion misclassified as benign-the proposed model yielded an overall specificity of 24%, with an area under the ROC curve of 0.76.
The performance of this model further improves when clinical suspicion of malignancy is taken into consideration. The model was most effective for BI-RADS category 4A and 4B lesions, with specificities of 23% (11 of 48 lesions) and 36% (five of 14 lesions), respectively, compared with specificities of 20% (one of five lesions) for BI-RADS category 4C lesions and 0% (zero of five lesions) for BI-RADS category 5 lesions. These results have much clinical relevance. Indeed, by excluding those lesions with a high a priori suspicion of malignancy on the basis of standard US morphologic characteristics (ie, BI-RADS category 4C and 5 lesions), where the radiologist is unlikely to forego the recommendation of biopsy verification to exclude malignancy, the specificity of the model increased to 26% (16 of 62 lesions). In our study population, this would translate to downgrading a quarter of the 62 benign lesions classified as BI-RADS category 4A and 4B to BI-RADS category 3, thus sparing 14 of 58 women (24%) biopsies to confirm benignity and sparing two of 58 women (3%) one of two biopsies.
Watching these lesions rather than sampling them at biopsy is akin to the approach described by Berg and coauthors (14) as they evaluated the performance of shear-wave elastography as an ancillary tool to characterize solid breast lesions at US. Within the constraint of 100% sensitivity, the six-point color score "E col " of maximum elasticity at shear-wave elastography yielded a specificity of 34% (79 of 231 lesions) (14) , and 79 benign lesions classified as BI-RADS category 4A could be downgraded on the basis of a specific feature at shear-wave elastography, compared to 26% with our model (16 of 62 lesions).
By analyzing the work of other teams who used STC for lesion analysis and using ROC analysis at 100% sensitivity, we can estimate that Shankar et al (17) obtained specificities of 26% and 32% by using the K and Nakagami distribution models, respectively, to characterize 52 solid lesions. Combining the Nakagami distribution model with an image-compounding technique to improve the signal-to-noise ratio, the same team (18) obtained a specificity of 26%. Best results were obtained by combining five statistical parameters, with specificity increasing to 62% (19) . Tsui et al (20) obtained a specificity of 27% by using the Nakagami distribution, increasing to 46% by also exploiting a geometric feature of lesion contours. However, comparison with these studies requires caution-first, because BI-RADS categories were not reported, and, thus, data on the performance of these methods for the evaluation of BI-RADS 4A-4B category lesions cannot be estimated-but, more important, because the testing set included the training set.
Subanalyses were performed to evaluate the performance of the STC model in classifying specific types of benign lesions. The model was used to correctly classify as benign 26% of confirmed fibroadenomas (10 of 38 lesions), 15% of fibrocystic changes (three of 20 lesions), and 43% of areas of fibrosis (three of seven lesions), lesions that are often challenging at standard US because of the shadowing and characteristic hypoechoic texture, which raise the suspicion for malignancy.
The results obtained are also plausible biologically. Malignant masses typically demonstrate spiculated margins, with a consequent expected increase in the parameter k, which reflects the cellular organization of the nuclei; a higher variability in cellular morphology, with a predicted decrease in a, a parameter that reflects cellular homogeneity; as well as posterior shadowing, resulting in an expected lower value of m n in the infratumoral zone, a parameter related 
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Trop et al to B-mode echogenicity. Indeed, these trends were observed in the comparison of malignant and benign lesions with the proposed method. While these results are promising, they will require additional testing to validate the conclusions in a larger number of solid lesions, including a wide range of benign and malignant lesion types. Another limitation of this study is that a fixed setting was used by default with the Teratech US scanner during the cine sequences. A standardized acquisition protocol was chosen to reduce the effect of confounding factors that may affect the echo envelope statistics, such as the position and size of the focal zone, the transducer frequency, and the signal attenuation. Innovative solutions have since been published that aim to reduce the effect of some of these confounding factors (28, 29) on STC classification strategies. Another potential limitation of our study is that one radiologist drew lesion contours; a sensitivity analysis, however, showed that the manually delineated lesion contours could be modified within a radius of 1.5 mm without substantial effect on the results.
In future work, as was performed in the study of Oelze et al (21) on mice mammary tumors, it would be interesting to combine the statistical parameters with other quantitative US measuressuch as elasticity parameters-to test an increase of the classification power of the proposed method. Indeed, because K homodyne characterization and shear-wave elastography provide complementary assessment, with K homodyne characterization demonstrating cellular properties of breast lesions and shear wave elastography demonstrating the mechanical properties, it may be favorable to combine both approaches for a better assessment after BI-RADS classification. Further work could also be done to optimize the statistical parameters adopted here.
In conclusion, we have shown that statistical tissue characterization of solid breast lesions is possible and was used to correctly classify 17 of 72 solid benign lesions (24%) while not missing any of the 24 malignant lesions.
Furthermore, this method was used to correctly classify 16 of 62 benign lesions (26%) initially classified as BI-RADS category 4A and 4B, representing an important potential improvement in the management of these BI-RADS categories.
